Abstract-Considering the cost evaluation and the stress analysis, a fuzzy satisfactory optimization (FSO) method has been developed for a hybrid composite flywheel. To evaluate the cost reasonable, the cost coefficients of the flywheel components are obtained through calculating the weighted sum of the scores of the material manufacturability, the structure character, and the material price. To express the satisfactory degree of the energy, the cost and the mass, the satisfactory functions are proposed by using the decline function and introducing a satisfactory coefficient. To imply the different significance of the objectives, the object weight coefficients are defined. Based on the stress analysis of composite material, the circumferential and radial stresses are considered into the optimization formulation. The simulations of the FSO method with different weight coefficients and storage energy density optimization (SEDO) method of a flywheel are contrasted. The analysis results show the FSO method can satisfied different requirement of the designer, the FSO method with suitable weight coefficients can replace the SEDO method.
INTRODUCTION
The flywheel structure is very important not only for storage capacity, but also for safety and cost of a Flywheel Energy Storage System (FESS). Along with the development of the composite material and the magnetic suspended bearing technologies, the cost of the flywheel becomes an important factor affecting the application of the FESS [1] [2] . Since the accurate data of the cost of a flywheel is not available in cost optimization design, Krack proposed that the cost could be normalized by the price of composite material [3] . Chih-Hong Lin calculated the manufacturing cost of a motor rotor (similar to a flywheel) considering the effect of the dimension and the punching cost [4] . Xiaolei Yan designed per unit mass price of glass fiber as 1 [5] . However, it can be found that the cost of a flywheel is also affected by the structure and manufacturing process. Hence, how to evaluate the cost of a flywheel should be deeply researched.
On the other hand, the safety of a high velocity flywheel is very important. D H Curtiss researched and calculated an equation which express the relationship between the stresses and flywheel parameters [9] . Krack used the equation as a constraint for the optimization design to calculate the maximum angular velocity [3] . S. K. Ha also considered the stress into the design optimization to calculate the optimum radii under the condition of the maximum angular velocity being fixed [7] . But all the researchers did not use the stress equation for calculating the maximum angular velocity and the maximum outer radii simultaneously.
In this study, a new flywheel cost evaluation method is developed. Then, to express the satisfactory degrees for different objectives reasonably, the FSO method based on fuzzy satisfactory function and the object weight coefficients is proposed. Moreover, to guarantee the safety of the high velocity flywheel, based on the analysis of the relationship between the maximum angular velocity, maximum outer radii and stresses, FSO method based on the calculation of stresses is proposed. At last, the simulation results contrast of different optimization design methods shows the effective of the proposed method.
II. COST EVALUATION FOR FLYWHEELS
We know that although being made by same material, the flywheels with different structure have different costs. It is also obvious that some material is easy to be machined, but some is not. Hence, we proposed that the cost of a flywheel is influenced not only by the material price, but also by the manufacturing process and the material machinability. To evaluate the cost more reasonably, the flywheel is divided into m components according to the material character and the flywheel structure. For every component, there are some main indicators being used to evaluate the flywheel cost, such as material manufacturability, structure character and material price. Material manufacturability indicates the material is easy or not to be formed and machined. Structure character means the structure is easy or not to be manufactured. Therefore, the evaluation indicator set of the ith (i=1,2,…,m) component of a flywheel is described as . The higher the score for f 1 i is, the more difficulty the material manufacturing process is. On the other hand, the higher the score for f 2 i is, the more complicated the structure is. Similarly, the higher the score for f 3 i is, the more expensive the material price is.
According to the expert evaluation, the weight vector is 1 2 3 ( , , ) W w w w , According to the cost coefficient and mass distribution, the flywheel equivalent cost can be calculated as:
where i is the density of the ith component, d i and h i are the outer diameter and the height of the ith component, ( , ) 
III. MULTI-OBJECTIVE OPTIMIZATION BASED ON FSO METHOD
Less mass will makes the transportation more convenient and will decrease the rotational inertia which will makes the flywheel rotate more stable. Therefore, the maximum storage energy, the cost and the mass are the optimization objects of 
min min max min max min max min max To realize the multi-objective optimization along with the different significance of the objectives, the weight coefficients of ε (0<ε≤1) and γ (0<ε+εγ≤1) are defined. The ε is the coefficient of the energy significance, and the γ is the coefficient of the cost significance relative to the energy. Accordingly, the multi-objective optimization formulation based on the satisfactory function is represented as 
IV. STRESS ANALYSIS FOR FLYWHEEL OPTIMIZATION DESIGN
As the safety of the flywheel is very important, the influence of the composite material stress should be fully considered . Since the stresses on the outer ring have the greatest influence on the flywheel safety, the relationship between the stress and the material parameters and the size of this component is analyzed. In order to analyze the presented multi-objective fuzzy satisfactory optimization, a composite material flywheel structure is designed as shown in Fig. 2 . Figure 2 . A flywheel structure.
According to the material and the structure, the flywheel is divided into 4 components: shaft, rim1, rim2 and rim3. The material of shaft is steel. The material of rim1 and rim2 is aluminium alloy. The material of rim3 is carbon fiber. Because outer ring of this flywheel is rim3, there are For material manufacturability, the manufacturing processes of the steel and aluminium alloy are obviously different from the process of the carbon fiber. Because the aluminum alloy material belongs to the non-ferrous metal, the hardness is inferior to the steel, the processing difficulty must be smaller than the steel. Due to the high requirement of the winding technology of carbon fiber flywheel, the technology maturity is not as good as the metal manufacturing process. Therefore, the material manufacturability scores of the 4 components are On the other hand, the structure character of the shaft is relatively complex. It not only requires strict dimensional accuracy, rigorous surface roughness and surface hardness, but also requires high shock resistance. On contrast, the structure character of rim1 and rim2 mainly reflects in the complex shape. Additionally, the demands on dimensional accuracy and surface roughness of the inner hole surface of rim1 are more rigorous than the outer circle surface of rim2. The rim3 is winded by carbon fiber which has regularly shape and lower dimensional accuracy. Hence, the score of structure character of rim3 is lowest in the scores of the 4 components. Therefore, the score of the structure character of the 4 components are (4), (5) In the case of ε =0.8 and γ=0.2, the optimum value of energy of β=1 is 5.6% higher than the value of β=0.8. In the case of ε =0.3 and γ=1, the optimum value of mass of β=1 is 18.5% lower than the value of β=0.8. Moreover, in the case of ε =0.3 and γ=2, the optimum value of cost of β=1 is 15.6% lower than the value of β=0.8. All these shows that when β=1, the design requirements of the satisfaction degree is more stringent. On the other hand, in Table I , when ε=0.3 and β=1, the optimum results with different γ are same. But when ε =0.3 and β=0.8, the optimum cost of γ=1 is 0.62% bigger than the cost of γ=2, and μ D of γ=1 is 0.5% smaller than μ D of γ=2. It is obvious that the importance of cost increases with the increase of β.
B. Comparison of FSO with and without the Stress
Constraints When β=1, the optimum results of FSO with or without the stress constraints are listed in Table II . Considering the stress constraints, the values of ωd 4 /2 under different ε and γ is smaller than the allowable value of 749.5 rad·m/s, as shown in (17). On contrast, the optimum results of ωd 4 /2 without stress constraints are all bigger than 749.5 rad·m/s. It is obvious that the optimization with the stress constraints can guarantee the safety of the flywheel. 
